A new single event burnout (SEB) hardened AlGaN/GaN structure with a thin barrier interlayer (IL) is presented in this work. The proposed hardened structure is compared with the simulation results of the conventional structure. The comparative analysis demonstrates that the IL lifts the conduction band energy in buffer layer and a new quantum well is formed. The quantum well limits the electrons induced by heavy ion below the second channel into the first channel. Thus, better SEB performance is achieved compared with the conventional structure. Moreover, the breakdown characteristic of the new structure is significantly improved, while the output characteristic is slightly reduced. Under the condition that the two structures are irradiated vertically by heavy ion having the linear energy transfer (LET) value of 0.6 pC/µm, the SEB threshold voltage of the conventional structure is 280 V, while the hardened structure can achieve 375 V.
I. INTRODUCTION
The AlGaN/GaN high-electron mobility transistors (HEMTs) have been widely used in many fields because of their high electron mobility, high voltage and wide bandgap, and they have shown the better tolerance to the harsh radiation environment of space [1] . Also, GaN HEMTs are attractive for space applications because of their size, weight and power effectiveness [2] . These excellent properties make AlGaN/GaN HEMTs desirable for critical components of satellite systems operated at high power and high frequency in space environment [3] . However, menacing mechanisms such as the single-event burnout can cause the GaN power transistors to fail in space environment [4] . In recent years, the characteristics of GaN transistors under heavy-ion irradiation have been studied [5] - [10] . Several experimental studies have tested the commercial GaN power devices and demonstrated that the SEB could occur under heavy-ion irradiation. For AlGaN/GaN HEMTs, Onoda et al. explained that the SEB was caused by the mechanism of enhancement charge collection which is associated with the bipolar and back-channel effect [5] . Abbate et al. demonstrated that a significant charge The associate editor coordinating the review of this manuscript and approving it for publication was Xiao-Sheng Si . amplification is exhibited in GaN power devices after heavy ion irradiation [6] .
Cai et al. [11] studied the failure caused by proton radiation in the AlGaN/GaN HEMT for the first time, and showed the decrease in the dc current and transconductance after irradiation. Several experimental studies investigated the changes of electrical characteristic before and after irradiation [12] - [18] . Bazzoli et al. [19] showed that GaN transistors are not sensitive to SEB and less sensitive to SEB than MOSFETs under irradiation tests. Scheick et al. [20] found that the gate on the drain side is sensitive region. By the TCAD simulation, Zerarka et al. [21] defined the worst case from the single event transient mechanism, and assumed that the traps effect can decrease the electric field after heavy ion irradiation, proposed two possible mechanisms of single event effects (SEEs). During the research of single-event damage on normally-off GaN-based power control applications, Mizuta et al. [22] observed two types of catastrophic failure modes with different leakage current paths, one was caused by the leakage current path between the drain and Si substrate via the buffer layer, the other was the damage between the drain and source. Luo et al. [23] supposed that the HEMT sensitive position of the traditional gate-field plate structure is near the drain side of the gate-field plate, because VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ FIGURE 1. Cross-sectional views of (a) conventional structure and (b) the proposed hardened structure.
the high electric field near the gate-field plate can effectively accelerate the carriers to ionize more carriers and trigger SEB. Islam et al. [2] investigated the effects of ion irradiation on AlGaN/GaN HEMTs, they found that heavy ions can create a significant number of defects such as vacancies, interstitials and dislocations in the device layer. 2-D device simulator has been extensively used to explore the physical processes of SEB and validate the hardening measures in the study of SEB effects on Si or SiC power devices [24] - [26] . In this paper, numerical simulations are conducted using 2-D TCAD simulator. The purpose of our research is to propose a new hardening solution for GaN power devices based on the feasibility of the process.
In order to improve the SEB performance of conventional structure and simplify the fabrication process of the hardened structure demonstrated in authors' previous work [23] , a new hardened structure with an AlGaN interlayer is proposed in this paper. The SEB performances of the conventional structure and the hardened structure under heavy-ion irradiation are investigated, and the hardened mechanism of the new structure is analyzed. The rest of this paper is organized as follows. In Section II, the two structures, the simulation setup and the corresponding fabrication procedure of the proposed structure are presented. In Section III, the breakdown and the output characteristics for the two structures are demonstrated, and the hardening mechanism of new structure is analyzed. Lastly, a brief conclusion is presented in Section IV.
II. STRUCTURES AND SIMULATION SETUP
The cross-sectional views of the conventional and the proposed hardened structures are depicted in Fig. 1 . A detailed description of the conventional structure can be found in [27] . Each of the two structures consists of a Si 3 N 4 passivation layer, an undoped Al 0.15 Ga 0.85 N barrier layer, an undoped GaN channel layer, a GaN buffer layer, and an AlN nucleation layer. The thickness of each layer along with other structural parameters is listed in Table 1 . In order to emulate the background carriers in the actual growth process, an unintentional doping density of donor type of 1 × 10 16 cm −3 is applied in GaN buffer layer [28] . The buffer layer is composed of a middle buffer layer and a bottom buffer layer. A level at 0.9 eV from GaN valence band [28] - [31] and a cross section σ n of 1.3 × 10 −14 cm −2 [28] are used for acceptor trap. The acceptor trap densities of 2 × 10 16 cm −3 and 4 × 10 18 cm −3 are set for the middle and the bottom buffer layers, respectively [28] . The barrier and the channel layers of both structures under the gate are fully etched to realize enhancement-mode devices, and Si 3 N 4 is used as the gate dielectric layer. Additionally, the substrate of both structures is removed to suppress the vertical leakage current through the substrate.
In contrast to the conventional structure, a 3-nm-thick Al 0.1 Ga 0.9 N interlayer is introduced in the middle buffer layer of the proposed hardened structure. The middle buffer layer is divided into two parts, where d is the spacing between the Al 0.1 Ga 0.9 N interlayer and the GaN channel layer.
The simulations were conducted using the Sentaurus TCAD tool by Synopsys. Several widely used physical models in the simulation of GaN transistors, such as the recombination models (including Auger recombination model and Shockley-Read-Hall (SRH) recombination model), and the mobility models (including Doping-dependent mobility model and high-field saturation model) are added in this study [32] , [33] . Moreover, the polarization model including the gate-dependent strain is included. The effectiveness of these models has been validated in [23] .
The heavy ion model is necessary during the simulation of SEB performance. Along a vertical track in 2-D, the electron-hole pairs' generation rate of the generated carriers is described using the spatial and temporal Gaussian functions [32] as:
where LET, x 0 and T 0 represent the linear energy transfer, the incident position of heavy ion and the initial time of the charge generation, respectively. In this study, the spatial Gaussian function width ω 0 and the temporal Gaussian function width T C are set as 0.05 µm [21] and 2 × 10 −12 s [26] , [32] , [34] , respectively. While, T 0 is set as 1 × 10 −13 s. For simplicity, the device is usually assumed to be irradiated perpendicularly by heavy ion [21] , [24] - [26] and penetrated for the worst case. Depending on the conversion factor of 0.0095 [35] , the LET value is 0.6 pC/µm that corresponds to 63.8 MeV · cm 2 /mg for Ta [36] , which is in line with in authors' previous work [23] . Fig. 2 illustrates the fabrication process steps for the proposed hardened structure. Firstly, several base layers, including AlN nucleation layer, bottom buffer layer, and partial of middle buffer layer, are epitaxially grown on Si substrate as illustrated in Fig. 2 (a) . Secondly, an Al 0.1 Ga 0.9 N IL of 3 nm thickness is grown on the base layers, followed by the remaining part of the middle buffer layer, which can be realized by metal-organic chemical vapor deposition (MOCVD) [37] - [41] , as shown in Fig. 2 (b) . Next, GaN channel, Al 0.15 Ga 0.85 N barrier and Si 3 N 4 passivation layers are epitaxially grown as shown in Fig. 2 (c) . Further, etching for source, gate and drain regions as shown in Fig. 2 (d) . Then, Si 3 N 4 gate dielectric is epitaxially grown as shown in Fig. 2 (e) , and source, gate and drain contacts are formed. Lastly, the Si substrate is removed in order to reduce the vertical leakage current through substrate [42] and a complete proposed hardened structure is illustrated in Fig. 2 (f) . The proposed hardened structure in this paper simplifies the process of hardened structure in [23] and keeps good SEB performance. For the growth of Al 0.1 Ga 0.9 N, the nano-level control can be achieved in the procedure. According to the simulation results, although the requirements on the procedure are undoubtedly very high and the SEB performance is greatly affected by the procedure, the proposed hardened structure in this paper provides a new method and idea for the hardness of AlGaN/GaN HEMTs.
III. SIMULATION RESULTS AND ANALYSIS A. BASIC CHARACTERISTICS
In the simulation, the Al 0.15 Ga 0.85 N/GaN heterojunction interface is set to y = 0 (marked in Fig. 1 ). Fig. 3 (a) shows the extracted breakdown voltages (@ a drain leakage current of 1 µA/mm) of the conventional and hardened structures. In contrast to the conventional structure, the drain leakage current of the proposed hardened structure is reduced because the IL acts as a back barrier [43] , [44] . The IL lifts the conduction band energy in middle buffer layer and forms a barrier at GaN/Al 0.1 Ga 0.9 N interface (shown in Fig. 4) , and prevents the injection of the electrons originated from the source into the buffer layers. Thus, the breakdown voltage of hardened structure is significantly improved, while that of the conventional structure is 530 V. However, the output characteristic of the proposed hardened structure is slightly reduced due to appropriate spacing between the IL and the barrier VOLUME 8, 2020 layer [45] . A new quantum well at the Al 0.1 Ga 0.9 N/GaN interface is formed due to the energy band difference between the IL and GaN middle buffer layer [37] .
B. SEB HARDENING
The drain SEB threshold voltage is an important index to characterize the performance of GaN power devices [46] . Fig. 5 shows the drain currents over time for the conventional and the proposed hardened structures after heavy-ion irradiation with LET value of 0.6 pC/µm, both of them are off-state and biased at the same voltages (V GS = 0 V and V DS = 280V). It can be seen from the figure that when drain is biased at 280 V, SEB happens for the conventional structure, but not for the proposed hardened structure. For the conventional structure, the high electric field near the gate field-plate can effectively accelerate the carriers to ionize more carriers and trigger SEB when the position of incidence of the heavy ion is near the gate field plate [23] . While the hardened structure can reduce the generation of carriers and the possibility of SEB, because of the introduction of Al 0.1 Ga 0.9 N interlayer. It implies that the proposed hardened structure has better tolerance than the conventional structure in the same irradiation environment.
In order to investigate why the hardened structure has better SEB performance, the vertical electron densities at different times (t) (shows in Fig. 6 ) at the same position (marked in Fig. 1 ) are intercepted. Different times are marked on drain current curve in Fig. 5 , and the corresponding electron density distributions along the track of heavy ion in the conventional and the proposed hardened structures at different times are demonstrated in Fig. 6 and 7 , respectively. In Fig.6 and Fig.7 and the graphics on the left are enlargements of the data on the right. In Fig. 6 , for the conventional structure, t 0 represents the electron density before irradiation by a heavy ion, the device is in off-state at this time, and t 1 -t 5 represents that the incident time is increasing gradually. Under the heavy-ion irradiation, a large number of electrons are generated at t = t 1 , and new electron-hole pairs ionized by carriers induced by heavy ion are constantly generated from t 1 to t 3 . Subsequently, the partial electrons are injected into the first channel, maintaining a high concentration of electrons in the first channel. Eventually, the drain current for irradiation at V DS = 280 V shows a sudden and large increase from t 5 and SEB is triggered [6] .
In Fig. 7 , for the proposed hardened structure, more carriers are generated after heavy-ion irradiation and the electron densities of the first and second channels (marked in Fig. 7 ) increase from t 1 to t 3 , and all of them reach up to the most densities until t 3 . The peaks of electron densities of the first and second channels are almost the same from t 1 to t 4 . Then, all the electron densities decrease as electrons are attracted to the drain electrode. When t = t 5 , the concentrations of the first and second channels differ by about two orders of magnitude, which indicates that the electrons generated by the irradiation are confined in the quantum well (i.e. the second channel) and the increased conduction band energy limits injection of electron into the first channel.
Meanwhile, due to the distributions of potentials, the electric field strength in the second channel is smaller than that in the first channel (shown in Fig. 8 , at the same x position). Thus, less carriers are generated by the impact ionization compared with the conventional structure [47] - [49] . Finally, the density of the electron at t 7 returns to the normal off-state level before irradiation (i.e. electron concentration at time t 0 ) and SEB does not occur.
The SEB threshold voltages at different d values are shown in the inserted table of Fig. 5 . For the proposed hardened structure after heavy-ion irradiation, Fig. 9 shows the electron densities at the same time t 4 for different d values. The carriers under irradiation located at the region between the first and the second channels increase with the increase in d. That is, as the number of carriers between the first and second channels increases, more carriers will be induced by the high electric field [47] - [49] after the increased carriers are injected into the first channel, and the possibility of SEB is increased. Thus, more new electron-hole pairs are generated by heavyion irradiation and SEB threshold voltage is decreased.
IV. CONCLUSION
In this work, a new hardened structure with a thin Al 0.1 Ga 0.9 N interlayer is presented. The introduction of interlayer in the proposed structure increases the conduction band energy and creates a new quantum well. The electrons induced by heavyion irradiation are limited in the quantum well and prevented being injected into the first channel. The simulation results and analysis validated that the new proposed hardened structure has better tolerance to SEB.
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